With the aid of a sufur-specific flame photometric detector, an emission of volatile sulfur was detected from leaves of cucumber (Cucumis sativus L.), sqush and pumpkin (Cucurbita pepo L.), cantaloupe (Cucumis melo L.), corn (Zea mays L.), soybean (Glycine max [L.] Merr.) and cotton (Gossypium hirsutum L.). Tbe emission was studied in detai in squash and pumpkin. It 
Plants contain enzymes which reduce inorganic sulfite to compounds that release H2S upon acidification (1, 19) and other enzymes which reduce a carrier-bound sulfo group to a form which can be exchanged with free hydrosulfide (HS-) and then liberated as H2S upon acidification (12, 15) . Plants also contain enzymes which can synthesize the sulfur amino acids, Lcysteine and L-homocysteine, from H2S or the hydrosulfide ion (23) . Thus, plants have the potential for both synthesis and consumption of H2S or the hydrosulfide ion which H2S yields on ionization: H2S = HS-+ H+ (pK' = 7.04).
De Cormis (6, 7) observed light-dependent emission of H2S from plants exposed to SO2 at concentrations sufficient to cause acute injury. He Seed of the Cucurbitaceae were soaked for 2 hr in water and planted directly into 300-ml plastic pots containing a steamsterilized mixture of sand, soil, peat, and perlite. The seedlings were thinned to one plant/pot at 10 days and grown in a greenhouse for 3 to 5 weeks with low levels of supplemental light from fluorescent lamps from 4 AM until midnight. They were watered with modified Hoagland nutrient solution in the morning and with deionized H20 once or twice each afternoon. The one-half strength modified Hoagland solution contained the major nutrient salts in mmol/1: Ca(NO3)2, 2.5; MgSO4, 1; KNO3, 2.5; KH2PO4, 0.5; the minor nutrient salts in ,umol/1: ZnSO4, 0.4; MnSO4, 4.6; CuS04, 0.2; H3BO3, 23.4; MoO3, 0.1; and 38.4 mg/I of Sequesterene (Geigy) containing 13% (w/w) NaFe. During the winter months plants 2 to 3 weeks old were moved to growth chambers for 2 to 3 weeks. The growth chambers were programmed to operate at 33 C for 16 hr with full light (light from fluorescent and incandescent lamps totaling 7.5 mw cm-2) and at 15 C for 8 hr with 2 hr of light from incandescent lamps (2.4-4.7 mw cm-2) at the beginning and end of the cool period.
Cotton was grown in growth chambers operating on a similar schedule for 6 to 8 weeks. Corn leaves and soybean plants were brought in directly from the field.
Conditions for Emission of Volatile Sulfur. Plants were routinely taken from the greenhouse or growth chamber in the early morning before watering and kept in dim light until used.
For studies with detached leaves, individual leaves with 4-to 7-cm petioles were cut with a sharp razor blade under water warmed to room temperature, and inserted into 10-ml test tubes containing distilled H20 or solutions of sulfate or bisulfite with or without one-quarter strength Hoagland nutrient solution. When bisulfute solutions were used, the petioles were inserted into the tubes through rubber serum bottle caps in which a hole had been bored, and the cap-petiole interface was sealed with Parafilm, to prevent the direct release of SO2 from the treatment solution into the air. The tubes with leaves were placed in a Plexiglas leaf chamber which could accommodate one to four leaves (Fig. 1) . The chamber was sealed, except for an air inlet, and connected to the sulfur analyzer directly, or through bubbler traps. The vacuum pump of the analyzer drew laboratory air past the leaves in the chamber at 180 ml min-1.
By means of a short length of small diameter polyethylene tubing fixed in the treatment tubes, it was possible to withdraw and add treatment solutions at will with the aid of a 10-ml syringe.
The studies with bisulfite were carried out with comparatively low intensities of light from fluorescent lamps (0.6 mw cm-2), but higher light intensities (1 or more mw cm-2) were required to obtain convenient rates of sulfur emission from leaves treated with sulfate.
Studies The emission is completely dependent upon the presence of light (Fig. 2) . It ceases immediately after the leaf is placed in darkness, and resumes immediately upon restoring the illumination. The changes in emission rate which occur in the light continue in the dark, so that when illumination is restored, the rate of emission which is attained is that which would have been attained in continuous illumination.
Although the kinetic patterns of sulfur emission caused by bisulfite or by sulfate are very similar, the rates attained in response to sulfate are consistently lower under equivalent experimental conditions. The rate of sulfur emission can be elevated by increasing either the light intensity or the sulfur anion concentration (Table I and Fig. 2) .
Emission of Volatile Sulfur from Attached Leaves. A series of experiments were carried out to determine whether volatile sulfur is emitted from the attached leaves of whole plants fed sulfate. Squash plants, grown in perlite on normal (1 mM) or low (0.05 mM) sulfate concentrations, were treated directly in their containers with nutrient solution supplemented with 10 mM or 20 mm sulfate. Two attached leaves were sealed in the leaf chamber and the emission was monitored with the sulfur analyzer. Plants grown on low sulfur emitted volatile sulfur at low rates (0.04-0.46 nmol min-') under both low (2 mw cm-2) and high (10 mw cm-2) light intensities. These emissions generally reached a maximum within 5 hr and then declined (Table  II) . The activity was light-dependent and, in some cases, reappeared after a dark period of 8 hr. Treatment of detached leaves from these same plants with the same levels of sulfate always resulted in a more rapid rise in emission rate and attainment of a higher maximum emission rate (1.7-3.9 nmol min-' leaf-').
The low emission rates obtained with root feeding compared to petiole feeding led us to explore the effects of manipulation of the roots on sulfur emission from the leaves. If the roots were removed gently from the container in which they grew and were placed in a well aerated sulfate solution, the sulfur emission rates from the leaves remained quite low. There was, however, a dramatic increase in the rate of emission when the roots were injured (by removal of the perlite clinging to the roots) and then immersed in aerated sulfate solution (Table II) had the same light-dependent character as the emission from detached leaves. The kinetic patterns of sulfur emission from attached and detached leaves were also similar (Fig. 3) . The evidence presented indicates that the increased emission of volatile sulfur from attached leaves is a response to a sudden high influx of sulfate into a plant via injured roots.
Since the emission generally ceased after a few hr it was of interest to determine whether reinjury of the roots would reinitiate volatile sulfur emission. Some plants were able to resume emission of volatile sulfur when reinjured 1 to 2 hr after the first emission episode had ended (Table III) . An attached leaf which has ceased emitting volatile sulfur will also resume emission if it is detached and fed sulfate through the petiole.
In several cases, emission resumed spontaneously after an 8-hr dark period. Plants were also able to reemit volatile sulfur when the sulfur anion concentration was increased (Table III) Table IV ) have shown that little or no SO2 is emitted and that at least 50% of the sulfur emission is H2S. This is a conservative figure, however, because H2S is not stable in the NaOH trap during even short sampling periods. The major volatile sulfur compound emitted by detached leaves of squash or pumpkin fed bisulfite (Table V) was also shown to be H2S. Analysis of the contents of cadmium lactate and NaOH traps collected at different time intervals demonstrated that H2S was the major volatile compound emitted over the entire period. The small amounts of SO2 measured by the basic fuchsin assay for SO2 could be accounted for by the weak positive, nonspecific reaction of H2S in this assay.
Light Dependence of Emission of Volatile Sulfur. The studies with detached leaves (Fig. 2 ) and whole plants (Fig. 3) have shown that the emission of H2S is completely dependent upon the presence of light. The light dependence of the emission has been studied in more detail using detached leaves of squash and pumpkin (Fig. 4) . A xenon lamp with an IR filter provided light intensities from 3 to 24 mw cm-2. The rate of emission of volatile sulfur from a detached leaf of squash treated with 10 mm K2SO4 increased with light intensity (inset, Fig. 4) . Emission of volatile sulfur begins sooner, increases in rate more rapidly, and persists longer as light intensity is increased. Light saturation of the effect was approached at 24 mw cm-2.
Injury by Bisulfite Solutions. A 2-hr treatment of detached leaves with 50 or 100 mm bisulfite usually results in emission of H2S. Extensive leaf injury appears within 24 hr following the Table V . Identification of H2S emitted from detached leaves fed bisulfite through cut petioles.
Leaves were treated with 100 mM KHS03 in one-quarter strength Hoagland's solution and exposed to light (0.6 mw cm-2) for 1.5 to 2 hr. The leaves were then transferred to water, placed in a desiccator, and air was drawn through the desiccator and through traps by a water aspirator (Fig. 1) . In the first experiment the volatile S emitted between the 2nd and 6th hr was trapped, successively, in cadmium lactate and NaOH. In the second and third experiments, samples were collected in a series of NaOH traps for the periods indicated and the material in these traps was assayed for H2S and S02. S02 does not give any methylene blue color in the H2S assay, but H2S does give some interfering color in the basic fuchsin assay for S02. exposure to bisulfite. The injury consists of the irregular brown lesions characteristic of the acute toxic effects of SO2, except that the lesions due to bisulfite consist of necrotic streaks along the veins, instead of the irregular interveinal patches caused by SO2 (5) . No emission or injury was ever observed when control leaves were treated with similar concentrations of KCI.
Although the treatment of detached leaves with sulfate resulted in the emission of H2S, no typical injury symptoms were ever observed, even when the petioles remained in the sulfate solution for as long as 24 hr (Fig. 5, a and c) . In such cases, however, deposits of salt were sometimes observed at the margins of the leaf. Since H2S emission from leaves treated with sulfate was generally smaller than from leaves treated with bisulfite, the possibility existed that high H2S production by the leaf was causally related to injury caused by bisulfite. This was resolved by experiments in which leaves treated with sulfate or bisulfite were exposed to differing intensities of light so that H2S was formed at approximately the same rate (Fig. 5, a (Fig. 5, a and c) . Bisulfite solutions, however, are still injurious at pH 7.
DISCUSSION
We have presented evidence that both attached and detached leaves of higher plants emit H2S when exposed to either bisulfite or sulfate, and that the emission is light-dependent. The rate of emission increases to a maximum and then declines in the course of several hours. In order to obtain from attached leaves of whole plants emission rates comparable to those from detached leaves, it was necessary to injure the roots. The qualitative similarity of the kinetics and light dependence suggests that the emission of H2S by leaves and whole plants in response to sulfate or bisulfite is the same phenomenon. High emission rates appear to be confined to conditions in which the first barrier to ion uptake, the root surface, has been bypassed, either by root injury or by severing the petiole, thereby making it possible for unregulated amounts of sulfate or bisulfite to enter the transpiration stream and reach the leaves. Similarly, treatment of leaves with acute dosages of SO2 gas apparently results in unregulated amounts of bisulfite in the leaves and leads to the transient, light-dependent emission of H2S (6, 7 (3, 16, 21) , sulfite (20) , and SO2 (18) by intact and broken chloroplasts. Sulfide or a compound which releases sulfide upon acidification has been shown to be the product of reduction of free sulfite and SO2 (18, 20) .
If H2S were a normal intermediate in sulfate assimilation, emission of H2S would be indicative of a rate of synthesis of H2S exceeding that of 0-acetyl serine and 0-phosphoryl homoserine, which are precursors of cysteine (23) and homocysteine (8) that combine with HS-in reactions catalyzed by specific sulfhydrases. Overproduction of H2S or an H2S precursor would account for the onset of emission and the rise in emission rate. One possible explanation for the subsequent decline in emission would be accelerated synthesis of 0-acetyl serine and 0-phosphoryl homoserine, which would enable the plant to use H2S at a higher rate, leaving less and less for emission. A second possible explanation for the decline in emission rate would be a change in either leaf cell or chloroplast membranes, making them less permeable to sulfate and bisulfite.
The rates of emission of H2S observed in the course of this work varied over a wide range: 0.1 to 10 nmol min-' for leaves having an area of about 50 cm2. The factors responsible for the variability remain to be determined. It is noteworthy that the highest rates correspond to about 8 nmol min-' g fresh wt-1. Schmidt (14) observed APS sulfotransferase activity in extracts of sunflower leaves as high as 1 nmol min-' g fresh wt-' of plant material. The highest activities in his survey of APS sulfotransferase in the plant kingdom (13) were comparable, assuming about 10 mg of protein g fresh wt-' of plant material. ATP sulfurylase activities assayed by Reuveny and Filner (11) in several species of higher plants fell within the range of 7 to 9 nmol min-' g fresh wt-1. Thus, the observed rates of H2S emission are of the same order of magnitude as the activities of the enzymes of sulfate assimilation in plants. It appears that under certain circumstances, H2S emission could constitute a major fraction of the inorganic sulfur metabolism of a plant. Under such circumstances, H2S emission may be a useful assay in vivo of the activity of the sulfate assimilation pathway.
Is H2S emission a part of the mechanism by which SO2 informational signal to other parts of the plant, or to plants in the vicinity. H2S emission might occur at measurable rates under field conditions on a sunny day in a crop growing in a soil rich in sulfate, provided that cultivation is performed close enough to the plant to cause slight root injury, and is followed quickly by watering. Field measurements of H2S emission need to be carried out in order to arrive at an estimate of the hitherto overlooked contribution of terrestrial plants to atmospheric sulfur. At present the origin of a substantial fraction of atmospheric sulfur is unknown (10) .
